Abstract Pharmacovigilance (PV) programs are an essential component of national healthcare systems. Wellfunctioning PV programs can improve population health by identifying and reducing medicines-related problems (MRPs). Many low-and middle-income countries lack functional PV systems, but this deficiency has not been described in terms of the potential economic value of strengthening PV systems. The assessment of economic value for PV can support rational decision making at the country level. We propose a framework for assessing the economic value of PV. We divide national PV systems into four levels: (1) no PV, (2) basic PV, (3) semi-functional PV, and (4) functional PV. These categories represent increasing levels of investment in PV capacity at the national or health facility level for all available medicines, including vaccines. The proposed framework can be used to estimate the costs of PV (including the value of investments to increase PV capacity and the costs of managing MRPs) and outcomes associated with PV (including improvements in morbidity, mortality, and quality of life as a result of the reduction in MRPs). The quantitative approach proposed for assessing costs and benefits uses a decision-analytic modeling framework that would estimate the value of the consequences of MRPs adjusted for their probability of occurrence. This allows the quantification of value using monetary outcomes (cost-benefit analysis), natural units (cost-effectiveness analysis), or mortality adjusted for quality of life or disability (cost-utility analysis). Evidence generated using this framework could assist policy makers, program managers, and donors in evaluating investments that aim to increase the capacity and efficiency of national and facility-level PV programs in low-and middle-income countries.
Background
Pharmacovigilance (PV) is the science and activities relating to the detection, assessment, understanding, and prevention of adverse events (AEs) or other medicinesrelated problems (MRPs) [1] . The conduct of PV includes spontaneous reporting of suspected AEs, focused active surveillance studies, the use of confirmatory pharmacoepidemiologic studies, and risk mitigation and risk communication strategies [1] . PV is an essential component of public health programs but countries have different levels of PV activity [2] . The World Health Organization (WHO) recommends that evaluation and assessment be built into PV monitoring systems with specific performance criteria such as: quality of reporting, specialization of reporting person, reporting of novel adverse drug reactions (ADRs), promptness of reporting, effectiveness of reporting, health outcomes, and costs [2] . The WHO Program for International Drug Monitoring is also developing a list of performance indicators including structural, process, and outcome (impact) indicators [3] . The impact indicators refer to ''efficient and safe use of medicines'' without explicit mention of economic value [3] . A proposed outline for good PV practice proposed by a group of EU PV experts identifies the measurement of expected and obtained effects as a challenge to good PV practice [4] .
It is important to demonstrate that PV is an essential public health function with sound processes and the ability to improve health outcomes. It is also essential to demonstrate that the level or scale of PV is cost effective [3] . However, even in high-income countries where PV is well developed, systematic assessments of the economic value of PV are not routine or even generally available. However, studies have demonstrated the substantial mortality burden [5] and economic loss associated with adverse drug events [6] [7] [8] . A meta-analysis of 39 prospective studies in the US found that ADRs were a leading cause of death [5] . A comprehensive review found that AEs were associated with between 1 and 4 additional days of hospitalization and $US2,300-5,600 in additional hospital costs [6] . In the US, the treatment of MRPs was estimated to cost $US177 billion in 2000 [6] . In the UK, the projected annual cost of admission related to ADRs to the National Health System was £847 million in 2004 [8] . Studies have demonstrated the economic impact of different individual treatments in terms of their cost per AE prevented [6] , but rigorous assessments of the cost or cost effectiveness of national PV systems have not been reported; published reports focus on the mortality and hospitalization attributable to AEs. Yet it is generally recognized that PV can protect the public's health by identifying the risks of and the risk factors for drug AEs in a timely manner and using information for risk mitigation. Information collected through PV allows for the assessment of the risks and benefits of a medicinal product throughout its life cycle [9] .
Although PV is considered to be an essential public health function, PV programs are not immune to fiscal constraints. An analysis of 55 low-and middle-income countries (LMICs) found considerable variation in the infrastructure, resources, and practices of PV programs [10] . According to Roll Back Malaria, a national PV program for anti-malarial agents is estimated to cost from $150,000 to $250,000 for start-up with recurrent costs of around $50,000 per year. However, many LMICs lack some or all of the WHO's basic elements of a PV system [11] . Most countries in sub-Saharan Africa have some PV activities, but the majority have not organized these activities into comprehensive national PV systems [12] .
A country's lack of a functional PV system leads to greater costs in terms of the resources used to manage and prevent MRPs as well as worse health outcomes in terms of medicines-related morbidity and mortality and medicinesrelated quality-of life (QoL) reductions and disability. Quantifying these impacts in terms of the opportunity cost of the resources used and the adverse health impacts is important in assessing the potential value of starting or strengthening national PV centers. In LMICs, limited healthcare budgets mean that new lines of expenditure, such as would be required to start or strengthen national PV systems, would likely be scrutinized. We propose a framework for the assessment of the economic value of PV programs. This framework is intended to enable policy makers, healthcare planners, and other stakeholders to assess the value of potential or planned investments in PV, or to support the fiscal case for an appropriate level of PV funding.
Levels of Investment in National Pharmacovigilance Systems
Countries can undertake different levels of investment in PV on a continuum from having no system at all to having a fully functional system. The minimum requirements for a functional PV system at the national level, as defined by the WHO, are a PV center with designated staff, a spontaneous reporting system, a database or system for collating and managing adverse drug reaction (ADR) reports, a PV advisory committee, and a communications strategy [11] . These requirements formed the basis of a recently published classification of levels of PV in sub-Saharan Africa [12] , in which national PV systems were ranked according to their performance in five areas: (1) policy, law, and regulation; (2) system, structure, and stakeholder coordination; (3) signal generation and data management; (4) risk assessment and evaluation; and (5) risk management and communication [4] . Countries were classified into four levels. In level 1 (no PV), there are no legal or structural frameworks, no coordinated surveillance activities, and PV activities are not coordinated nationally. In level 2 (basic PV), policy and legal frameworks exist, institutions, guidelines, and procedures exist, and stakeholder roles are recognized albeit poorly coordinated. Additionally, the AE reporting system does not cover all sources of MRPs, signal generation and risk evaluation are poor, and the system lacks active signal evaluation and risk management. In level 3 (semi-functional PV), structural and organizational frameworks exist to collect and collate safety data and evaluate risks and benefits by passive and active surveillance. However, the countries lack risk management, risk prevention, and risk communication capacity. In level 4 (functional PV), a PV structure exists that permits passive and active surveillance, risk evaluation, risk communication, and regulatory action. The proposed framework aims to answer the question for a given country or health facility for all medicines and vaccines and all indications: what would be the economic value of investing new resources to move from a less to any one of the more sophisticated levels of PV? We emphasize new resources because we do not propose to estimate the opportunity cost of moving resources from other health services. Countries at lower levels of PV may not aim to directly achieve level 4 status but rather improve progressively while estimating the economic value for the benefit of stakeholders.
Any investment in PV and the assessment of the potential economic value should consider the substantial diversity in country characteristics. Some countries are larger than others in size and population, and this has an impact on the nature and amount of potential investments in PV. Because of this diversity, the proposed framework should be customized at the country level taking into consideration a country's relevant unique characteristics, such as population and geography.
Proposed Analytic Framework
The proposed framework for assessing the economic value of PV is shown in Fig. 1 . The framework allows the estimation of the costs and outcomes of investing in PV systems. On the cost side, it includes the costs of PV activity and MRPs at different levels of PV. On the outcomes side, it includes different valuations of the health outcomes and benefits of increasing PV activity. Thus, economic value is defined in terms of cost savings plus the value of the reductions in mortality and morbidity.
Methods of Assessing Economic Value
The economic value of healthcare programs can be assessed by quantifying and comparing both their costs and benefits in formal evaluations using different methods. The comparison of the costs is uniform across methods but the quantification of benefits varies from method to method.
In a cost-benefit analysis (CBA), the net costs of a healthcare intervention (such as movement from a lower to a higher level of PV) are compared with the benefits of the intervention expressed in monetary units. The metric of economic value is the net benefit, a measure of the benefit minus the net cost. A positive net benefit is a general signal to policy makers to fund the intervention. The benefit-tocost ratio can also be estimated as the metric for value; the higher the ratio the better the investment. A benefit-to-cost ratio of, say, 4 implies that every dollar invested yields 4 dollars in return. For example, the benefit-to-cost ratio for measles and rubella vaccination in the general population has been estimated to be as high as 14 [13] . Despite being arguably the most complete method of economic evaluation, CBA is disadvantageous because it is difficult to monetize clinical and QoL outcomes [14] . Additionally, the main method for the said monetary conversion-willingness to pay-gives greater weight to the preferences of wealthy people, making it ethically unpalatable to many [14] .
Other methods of assessing the economic value that include health outcomes without monetization exist and can be used. In this case, the metric of assessing value is a ratio of the incremental cost to the incremental benefit or health outcome-the incremental cost-effectiveness ratio (ICER). In cost-effectiveness analyses (CEAs), the outcomes are presented in natural units such as number of AEs averted. Economic value in this case would be expressed as cost per AE averted. Cost-utility analyses (CUAs) combine length of life and QoL in the outcome measure. The combined metric is presented as the quality-adjusted lifeyear (QALY) or disability-adjusted-life-year (DALY). Economic value is expressed as an ICER (cost per QALY gained or cost per DALY averted).
Estimating the Costs at Different Levels of Pharmacovigilance

Estimating the Costs of PV-Related Activities
The investment needed at each of the different PV levels can be estimated by applying unit costs to the different types and volumes of human and physical resources required. The resources needed increase as PV systems become more sophisticated but are also tied to other factors such as population, geography, and road and information technology infrastructure. For example, as the level of PV increases, expenditure on physician wages increases. The costs of PV can be divided into capital and recurrent costs/ resources. Examples of these are shown in Table 1 . The sum of the product of all resources and their respective unit costs can be computed and represents the value of the investment required to move from one level of PV to another in a given country or health facility.
Estimating the Costs of MRPs
The costs of managing different drug AEs and other MRPs include: (1) cost of out-patient (OP) visits, (2) cost of hospitalization, and (3) cost of MRP-related regimen switches including new drugs and consultations. Costs of OP visits and hospitalization for MRPs include direct medical costs (such as health workers time, other medications or antidotes, and laboratory tests), direct nonmedical costs (such as patient transportation and upkeep), and indirect costs (which include the opportunity cost of lost productivity during MRP-related illness and convalescence).
Estimating Outcomes
Monetizing the Benefits of Pharmacovigilance for Cost-Benefit Analysis
PV involves the appraisal and prevention of AEs and other MRPs. The benefits of PV from a cost-benefit standpoint are a valuation of improved health outcomes associated with the reduced incidence of AEs and MRPs including reduced morbidity and mortality and improved QoL. In addition to these traditional health outcomes, non-traditional patient outcomes such as risk protection (greater peace of mind from knowing that appropriate PV system is in place), option values (the benefits of having a PV program available in the event that it is needed), and altruistic values (the benefits of seeing others benefit from the availability of a PV program) can also be included in the valuation. The health outcomes benefits may be valued using the human capital approach (in which the value of an individual's contribution is tied to their wage) and willingness to pay (in which the value is based on how much an individual is willing to accept for an increased risk of the outcome or pay for access to a service to manage the outcome) [14] . Bouvy et al. [15] applied willingness-to-pay Fig. 1 Framework for assessing the economic value of pharmacovigilance in low-and middle-income countries. PV pharmacovigilance, MRPs medicine-related problems, OP out-patient methods to monetize the health outcomes associated with regulatory action to reduce the risk of pure red cell aplasia associated with the use of epoetin alpha. They found that Dutch dialysis patients were willing to pay significantly higher (€47) than the Dutch general population (€24) [15] . Estimates generated in this manner can be used in a CBA of national level PV programs.
Estimating Outcomes for Cost-Effectiveness Analysis and Cost-Utility Analysis
A variety of health outcomes can be estimated for CEA including number of AEs, number of OP visits and hospitalizations, number of regimen switches, and mortality averted (measured in life-years saved). For example, a study was conducted to compare non-steroidal anti-inflammatory drugs (NSAIDS) in the management of rheumatoid arthritis and osteoarthritis with cost per life-year gained as an outcome [16] . Data from several studies [16, 17] were used to compare different NSAIDS in a study in which the metric for economic value was the cost per AE avoided [6] . These metrics may be used in assessing the health outcomes associated with increasing PV activity at the country level.
To perform a CUA, the impact of MRPs on QoL or disability would need to be estimated across a number of indications. This requires the performance of patientreported outcomes studies and potentially, the use of publically available data sources. In the future, data from social media may become available for use in studies [18] [19] [20] . If the measure of QoL includes a valuation of the impact of work loss associated with MRPs, the costs of lost work should not be included in the numerator of the cost-utility ratio, i.e., the indirect costs of MRPs should be excluded.
Decision-Analytic Framework
The estimation of the costs and health outcomes needed to measure economic value requires a modeling framework to quantify the sequential occurrence of events as well as their probability. For instance, the cost of MRPs is a function of the unit costs of MRPs and the probability of their occurrence. A modeling framework can combine estimates of the reduction in the probability of relevant MRPs due to increasing PV activity and their costs. A decision-analytic modeling framework such as the one shown in Fig. 2 can be used to organize and estimate the costs and outcomes of PV. Decision-analytic modeling uses statistical tools including decision trees, probability theory, multivariate analysis, and probabilistic techniques to assess the impact of different decisions, such as policy decisions under different conditions including conditions of uncertainty. Decision analysis is the most common model for conducting CEA in pharmacoeconomics and is increasingly used for healthcare policy decisions in LMICs. It has been used to estimate the national level costs of drug AEs in the out-patient setting in Germany [21] .
The model is used to organize the MRPs that can occur and the consequences of different levels of investment in PV. The reference case in the model is a patient on medication for a given indication. This patient may live in an area in which one of the four levels of PV is in effect as shown at the decision node (square in Fig. 2) . Basic PV is the minimum level of investment to reduce MRPs. Semi-functional PV implies an improvement on basic PV and functional PV implies an improvement on semi-functional PV. While comparators in traditional decision-analytic models should be mutually exclusive, these PV levels appear not to be: they are incremental, one building on the other. In this framework, we consider them to be mutually exclusive in the sense that one area would have only one of the levels of PV operating at a given time.
Given a patient's residence in an area with a certain level of PV, there will be a set of probabilities of different MRPs at chance nodes (circles in Fig. 2) . The medicines that the patient receives may be optimal or sub-optimal. Sub-optimal medicines include fake, substandard, expired, or otherwise defective medicines. In the next phase of the model, the patient may use the medicines correctly or incorrectly. Erroneous medicine use may be a result of irrational prescribing, poor dispensing, or poor use of medicines by patients, e.g., non-adherence. According to the use of the medicines, erroneous or correct, the patient may or may not exhibit adverse drug events, exhibit a suboptimal treatment response, or exhibit an optimal treatment response. If the patient exhibits adverse drug events, there are at least five possible outcomes: (1) MRP-related death, (2) MRP-related hospitalization, (3) MRP-related outpatient visit, (4) a change of medicine regimen, and (5) no action, i.e., the AE is non-fatal and the patient faces its consequences without intervention. At the end of the model, the end nodes (triangles in Fig. 2) represent payoffs or outcomes. For a given model scenario, payoffs are assigned depending on the outcome. For instance, for a mortality outcome, the ''die'' branch is assigned a value of 1 while all other branches are assigned a value of 0. For a survival outcome, the ''die'' branch would be assigned a value of 0 and all other branches a value of 1. The model can be set up to calculate the different payoffs and generate the data required to perform CBA, CEA, and CUA.
Model Inputs
The inputs into the modeling framework include: probabilities of different events (e.g., sub-optimal medicines use, erroneous medicines use, AEs, out-patient visits, hospitalizations, regimen changes) and the costs of different MRPs. There are two possible alternative methods to estimate changes in probabilities: (1) estimate directly the reductions in probability of AEs if more resources are invested in PV, or (2) estimate the probabilities of AEs in countries where a given level of PV is being implemented and take the difference.
Discussion
We herein propose a quantitative framework for the estimation of the potential economic value of PV programs in LMICs. This framework estimates costs (of investments in increased PV activity and management of MRPs) and outcomes as monetary values (CBA), averted AEs, or lifeyears (CEA), and quality-or disability-adjusted life expectancy (CUA). The estimates required to perform CBA, CEA, and CUA can be obtained using a decisionanalytic model with probabilities estimated directly or as a percentage reduction in probability of MRPs as a result of increasing PV activity. The choice of value assessment should be guided by availability of data and technical expertise but should be transparent and clear.
This framework can guide the development of useful analytic tools with user-defined inputs that can be used to make the case for an appropriate, efficient level of PV funding. For a given country or health facility, the challenge would be to generate data to implement the framework. As described above, four key inputs need to be estimated: (1) the monetary value of the investment, (2) the costs of managing different MRPs, (3) the probability of different events including reductions in MRPs as a result of increased PV activity, (4) the impact of MRPs on QoL or disability. Most of these data are difficult and costly to collect in most settings. Unit cost data at the country level are likely to be less challenging to collect or estimate than data on probabilities.
A variety of types of studies are needed to generate estimates, including systematic reviews of the literature, database analyses, and Delphi surveys with panels of experts. A challenge is the complexity associated with estimating reductions in MRPs as a result of increasing PV activity. This is because PV investments are made at the national level for patients with multiple diseases yet events are indication and medicine specific. Further, some estimates exist in the literature of the potential reduction in specific events associated with certain medications (e.g., antimalarial agents) for a given indication [22, 23] , but to estimate events at the national level requires aggregating and integrating data from multiple sources and databases. Even with aggregated data, estimates across indications and medicines for a given country will likely have a great deal of uncertainty surrounding them. Given the difficulty and cost of collecting data as well as the potential uncertainty, the implementation of this framework would have to (1) use univariate, threshold, and multivariate sensitivity analyses and (2) examine the impact of key estimates (such as percent reduction in AEs) on the cost-benefit ratio, the ICER, or the incremental cost-utility ratio. Therefore, even when good-quality data are difficult or costly to obtain, studies of the potential economic value of PV should be performed and might be valuable to policy makers.
In selecting the optimal level of PV in a given LMIC, it will be important to recognize the ''public good'' nature of information, in that any given country can benefit from the experiences in other countries. For example, if a specific medicine is generating excessive ADRs in another country, authorities may be able to act based on that information. Thus, in a region, what is ''efficient pharmacovigilance'' will depend on whether there is an information-sharing network. For instance, countries that are full members of the WHO Programme for International Drug Monitoring may use access to Vigibase-the WHO database of AEsto their benefit.
Recommendations and Next Steps
This framework should be tested using real-world data to test the assumptions as well as structural validity. In further developing this framework into a user-friendly tool, we anticipate some challenges that will require additional research. The measurement of MRPs will need to be studied in greater detail. Our proposed approach using decision-analytic methods assumes the individual patient as the level of analysis. This might not be optimal as the problem might be better formulated as a ''multi-product cost function'' as might be done for a hospital serving a given population, where the outputs are defined by different procedures or types of visits. It may also be better to perform analyses based on public health programs such as malaria, HIV/AIDS, or tuberculosis programs with benefits assigned to the program as a whole. In this case, other analytic methods such as discrete event simulation (DES) might be considered given multiple levels of PV activity, multiple indications, and multiple prescriptions per individuals. Additionally, the proposed decision-analytic framework is limited in its consideration of time: it considers costs and outcomes only over short time periods. Given that PV systems may take a long time to develop methods such as Markov models and DES may be more appropriate.
Another anticipated challenge is the estimation and incorporation into the analytic framework of economies of scale and economies of scope as PV capacity is increased, particularly for larger countries. Ideally, the complete framework could be implemented as a software-based userfriendly and interactive tool that is customizable for use at the national level to estimate the economic value of PV and, at a later stage, a software application for personal computers, tablets, and smartphones that would put the ability to measure economic value in the hands of a wide variety of stakeholders in medicine safety.
Conclusions
PV systems have the potential to improve health outcomes and to reduce healthcare expenditures related to AEs. However, because of severe resource constraints in LMICs, policy makers and donors must scrutinize investments to obtain value for money. This framework is designed to support decision making about whether greater funding for PV would be efficient and desirable. A fully developed tool to assess economic value could assist policy makers and donors in evaluating investments required to increase the capacity of national programs to improve the use, safety, quality, cost effectiveness, and affordability of medicines in LMICs.
